Tolerant pearl millet (Pennisetum glaucum (L.) R. Br.) varieties to low soil P have higher transpiration efficiency and lower flowering delay than sensitive ones 
Introduction
Pearl millet (Pennisetum glaucum (L.) R. Br.) is the most important staple crop for millions of people in the semi-arid tropics of Africa (FAO and ICRISAT 1996) . Sahelian farming systems are characterized by heavily weathered soils, low external inputs and continuous extraction of plant nutrients which, over centuries, have produced an extremely phosphorus (P) poor soil, with values often below 5 mg Bray-P kg −1 soil (Bationo et al. 1990; Buerkert et al. 2000) . In Niger the 4 months unimodal rainy season typically lasts from mid-May to mid-September, but precipitation is very scattered and often characterized by a late onset of the rains and midor end-season droughts. On the predominantly acid Arenosols dedicated to smallholder millet production, lack of rainfall and high temperatures (daily average temperature peaks in May at 34°C and drops in December to 25°C (World Climate 2008)) quickly lead to major water stress for plants (Wallace et al. 1993 ). Low soil P and unpredictable water stress have for millennia been major interacting constraints to millet growth (Manu et al. 1991) . Phosphorus deficiency reduces leaf expansion (Fredeen et al. 1989) , number of leaves (Lynch et al. 1991) and root development, which in turn affects the capacity of plants to uptake water from deeper soil horizons under low rainfall (Marschner 1995) . Nevertheless, plant roots have developed several strategies to enhance P uptake under low moisture conditions with subsequent reduced diffusion, such as increased root length, length and number of root hairs, symbiosis with arbuscular mycorrhizal fungi (Gahoonia and Nielsen 2004; Liebersbach et al. 2004 ). In pearl millet, an enhancement of root hair formation was observed under Pdeficiency (Faye et al. 2006) . Phosphorus-deficient Lotus japonicus showed lower root hydraulic conductivity due to a decreased expression of genes encoding aquaporins which explained the reduction of epidermal cell (and leaf) expansion (Clarkson et al. 2000) . Other adaptive plant development responses to P deficiency comprise delay of flowering (Nord and Lynch 2008) , decreased number of flowers (Bould and Parfitt 1973) , inhibition of seed formation (Barry and Miller 1989) and premature leaf senescence, which all affect grain yield.
Despite numerous reports about the effects of P deficiency and water stress on millet growth (Manu et al. 1991; Buerkert 1995; Bagayoko et al. 2000; Brück et al. 2003; Valluru et al. 2009; Vadez et al. 2013) , to our knowledge studies investigating the combination of both major stress factors on plant development are lacking, except few (Payne et al. 1990 (Payne et al. , 1992 . The novelty of the present study is then in addressing this knowledge gap by using a lysimeter system consisting of large PVC tubes in which plants can be grown in a soil volume allowing soil exploration by the plant similar to field conditions, and where the effects of a factorial of P and water treatments can be investigated. The novelty of the approach is also in allowing to obtain highly relevant agronomic data in a system where the homogeneity of the soil can be controlled, whereas studies in low soil P field are often bound to face large field heterogeneity in P availability. Such a system has recently been used to assess water use throughout the cropping cycle until maturity in different crops (Ratnakumar and Vadez 2011; Vadez et al. 2011a; Zaman-Allah et al. 2011) . It has also been tested to produce highly relevant agronomic data in low and high P soils (Karanam and Vadez 2010) . The setup allows to determine transpiration efficiency (TE, calculated as dry matter (DM) produced per kg of water transpired) to distinguish tolerant and sensitive genotypes (Ratnakumar and Vadez 2011; Vadez et al. 2011a; . It is well known that TE depends on interactions between water and nutrient availability (De Wit 1958; Tanner and Sinclair 1983; Clarkson et al. 2000; Vadez et al. 2014) , and is particularly affected by nutrient deficiency (Payne 2000) . For Sahelian conditions, Sivakumar and Salaam (1999) reported a 84 % increase of water use efficiency in millet (WUE, grain yield per mm rain), of which TE is an important component, due to the addition of mineral fertilizers. Therefore, under limited water supply, plant nutrients may play an important role in enhancing WUE (Waraich et al. 2011) , and more research is required to understand genotypic differences in TE under various levels of P.
Seed size is a also a key determinant of evolutionary fitness in many species (Orsi and Tanksley 2009 ) and seed reserves govern P accumulation and root development (Zhu and Se 2001) , which is fundamental to determine plant performance at early growth stages. That is why seed P concentration is often high in species that evolved on P poor soils (Groom and Lamont 2010) . Higher seed P can contribute to higher tolerance to low P and this variable is often considered when evaluating genotypes for P efficiency (Liao and Yan 1999; Zhu and Se 2001) .
Studies on millet genotypes contrasting for terminal water stress tolerance identified two watersaving mechanisms, which consist in maintaining a lower transpiration rate even at low vapour pressure deficit (VPD) and by further decreasing transpiration rate under higher VPD (Kholová et al. 2010a; 2010b) . These mechanisms enhanced water availability during the reproductive and grain filling period, leading to higher grain yields under terminal stress (Vadez et al. 2013) . Similar effects of water stress during periods critical for grain yield formation have been reported for chickpea (Zaman-Allah et al. 2011) , sorghum (Hammer et al. 2006 ) and cowpea (Belko et al. 2012) . Because low soil P condition are known to delay flowering, the combination of a water and a low P stress is therefore likely to modify the proportion of water used before and after anthesis, and then to have possible negative consequences on the grain filling.
The first hypothesis of this work was that the low soil P conditions would alter the phenological development and the water use efficiency of the crops in ways that could explain part of the genotypic differences in the yield under low soil P conditions. The other hypothesis was that differences in plant development and growth under low soil P would alter the kinetics of plant water use and would then have profound effects on the plant response to water limitation. The objectives of this work were then three-folds: (i) to assess the effect of low soil phosphorus on the agronomic attributes, including flowering time, of a set of pearl millet genotypes; (ii) to monitor the kinetics of plant water use in a factorial of P and water treatments and assess the effect of low soil P on the pre-and post-anthesis water use; (iii) to measure the impact of low soil P on transpiration efficiency (TE). These analyses were done in pearl millet genotypes that turned out to contrast for the seed yield under low soil P conditions, allowing us to infer some general trends of plant attributes characterizing low soil P tolerance in pearl millet.
Materials and methods

Experimental conditions
Two experiments with 15 West African pearl millet varieties each were carried out: Experiment 1 (Exp. 1) was conducted between December 2010 and March 2011 and Experiment 2 (Exp. 2) between September and December 2012 (Table 1) . The 15 genotypes grown in Exp. 1 were selected from a collection of 102 genotypes according to their contrasting vegetative biomass production at 5 weeks after sowing in pot trials during the rainy season of 2010. The same procedure was applied to select the 15 genotypes for Exp. 2, based on results of a pot trial run during the 2011 rainy season. In Exp. 1, seeds were sown on 23 December 2010 at a rate of 4-5 seeds per pocket and 3 pockets per tube. During the cropping period, the maximum and minimum temperatures ranged from 32.1 to 41.1°C and 16.0 to 24.0°C, respectively, and relative air humidity at 1 pm averaged 12 % (January-March 2011). In Exp. 2, seeds were sown on 27 September 2012 at the same rate as in Exp. 1. During the cropping period, maximum and minimum temperatures ranged from 33.4 to 38.3°C and 17.2 to 23.3°C, respectively, and relative humidity of the air at 1 pm decreased from 90 % (September) to 13 % (December). The same lysimeters were used in Exp. 1 and Exp. 2, and soil was not replaced between trials, though first cereals (pearl millet and sorghum) and then a legume (cowpea) were grown in the cylinders between the two trials.
Description of lysimeters and soil preparation
The lysimeters consisted of PVC cylinders filled with the topsoil of a severely P deficient Arenosol (Bray-P <5 mg P kg . The bottom of the tube consisted in a PVC plate maintained on top of four screws. Water drainage could take place between the PVC plate and the inner wall of the tube, although soil could not slip through. All lysimeters were placed upright in 1 m deep trench, over which the weighing mechanism could be moved to select individual cylinders for weighing (Exp. 2 only). The tops of the cylinders were equipped with metal collars and chains to allow the lysimeters to be lifted and weighed. The lysimeter weighting procedure involved a crane balance (S-type load cell with a 200 kg load capacity; MettlerToledo, Geneva, Switzerland) connected to a blockchained pulley to lift the tubes. The scale allowed repeated measurements at an accuracy of ±20 g.
In order to mimic a low P profile, we collected top soil (0-0.2 m) and subsoil (0.2-0.8 m) from a low P field. The top soil had the following characteristics: 5.5 pH H2O (1:2.5), 3.7 mg Bray-P kg −1 soil, Corg 0.3 %, 247.4 mg total N kg −1 soil. The bulk soil was characterized as follows: 5.8 pH H2O (1:2.5), 3.6 mg Bray-P kg 
Treatment application and water extraction measurements
Two P treatments were used in each of the two experiments. The high P (HP) treatment in Exp. 1 consisted of applying 300 mg DAP kg −1 topsoil, i.e. 7.5 g DAP In both experiments, seedlings were thinned to three plants per tube at 14 DAS and to one plant per tube at 25 DAS. Soil was kept at 90 % of field capacity by weighing the tubes every 4 days, measuring the amount of water lost by evapotranspiration and compensating by proper rewatering.
In Exp. 1 the experimental design was a randomized complete block design with LP and HP treatments at either side of the trench in which all the tubes were placed in order to avoid HP plants shading the LP plants. The 15 genotypes randomized within each of the five repetitions (blocks). In Exp. 2 we used a design with P treatment as the main plot and water treatment as the sub-plots, the 15 genotypes were randomized 6 times within each sub-plot giving a four treatment factorial: LPws, LPww, HPws and HPww, where: LP=low P, HP=high P, ww=well watered and ws=water stressed.
In Exp. 2, we assessed plant transpiration as a proxy for plant growth. Thus, at 35 DAS, the soil surface was covered with a round plastic sheet superposed with a 2-cm layer of low-density polyethylene beads to prevent soil evaporation. The lysimeters were weighted every 4 days from 36 DAS to 81 DAS yielding a total of 12 measurements (39, 43, 46, 50, 54, 57, 61, 64, 67, 70, 74 and 77 DAS) . Water extraction related to plant transpiration was calculated from cylinder weight differences between consecutive weighings and additions of water. Transpiration data were assigned to the latest weighing so that e.g. transpiration at 50 DAS refers to the water transpired by the plant in the interval between 47 and 50 DAS.
In Exp.2 all plants were irrigated until 57 DAS. There were altogether 180 LP tubes and 180 HP tubes (15 genotypes by 12 replicated tubes per genotype). Then both HP and LP treatments were split into a well watered (ww) and water stressed (ws) treatments. The ws treatment consisted in omitting irrigation in 90 LP and 90 HP tubes, from 57 DAS to 74 DAS. This gave a 17 days period of terminal stress consistent with similar situation in the field. However, the transpiration measurements between 57 and 74 DAS allowed us to monitor carefully the stress intensity (by assessing the ratio of transpiration values under WS and WW conditions). As such, at 74 DAS the transpiration of WS plants fell below 30 % of that in WW plants and it was decided to apply a 2 L watering per cylinder, which was also the final one. The 180 ww tubes (90 LP and 90 HP) were kept regularly watered until maturity of pearl millet.
Harvest procedure and statistical analysis
The seeds used for sowing were previously stored in the genebank of ICRISAT Sahelian Centre and produced under optimal conditions. The size of sown and harvested seeds was measured as the weight (g) of 100 seeds. Growth parameters were measured weekly and included height, number of tillers and number of leaves. Booting and flowering time (d) were recorded for the main stem in each tube. Phosphorus concentration (mg g −1 DM) in plant tissues was measured colorimetrically on the main stem's flag leaf at the time of its appearance in Exp. 2. Plants were harvested at maturity at soil level starting from 83 DAS onwards, and all the material was sun dried to constant weight in cotton bags. Stover yield was calculated as the sum of leaves and stem; the total dry weight (TDM) was the stover yield plus the spike weight and total yield was the stover yield plus grain yield.
The panicle harvest index (PHI) was calculated by dividing the grain yield (g) by the total panicle biomass (g). In Exp. 2, water uptake in the pre-and post-anthesis period was calculated for each plant by summing transpiration values before and after flowering. Transpiration efficiency (TE) was then calculated as the ratio of the total biomass produced (grain and stover) per kg of water transpired (g kg −1 WU). In this study, root biomass was not measured, that is why TE assessments were based only on shoot dry matter and thus slightly underestimated. However, in earlier studies, we found that omitting the roots was not likely to alter the genotypic ranking (Vadez et al. 2011a, b) . Data were statistically analyzed by one-and two-way ANOVA using R at p <0.05 (*), p< 0.01 (**) and p<0.001 (***). As regression analysis we conducted a simple linear regression to assess the relationship between our variables.
Residual yields as a tool for measuring tolerance to low P In case of lack of genotype-by-treatment interaction (GxTrt) for yield components, yield performance under LP could not be attributed to the P tolerance of genotypes alone, but to a grain or stover yield potential component plus a residual yield variation. This residual would then account for tolerance to low P per se plus an error component, and represent the part of variation in yield under LP that is not explained by grain or stover yield potential (Vadez et al. 2007; Bidinger et al. 1987) . In this study these residuals were calculated as the difference between the observed yield values under LP and the predicted ones from the linear regression model (LP vs. HP) and they were used as proxy for tolerance to low P.
Results
Low P (LP) effect on agronomic traits under well watered (ww) conditions
The total yield of LPww plants was 44 and 41 % lower than that of HPww plants in Exp 1 and 2, respectively (Table 2 a and b). Grain yields of LPww plants reached 39 and 66 % of grain yields of HPww plants in Exp. 1 and Exp. 2, respectively. The LPww treatment dramatically reduced seed size (100-seed weight) from 0.72 (HPww) to 0.49 g (LPww) in Exp. 1 (Table 2a) , and from 0.61 g (HPww) to 0.50 g (LPww) in Exp.2 (Table 2b ). The onset of flowering was delayed by 2 weeks in the LP treatment in Exp. 1, which was not the case in the Exp. 2 trial, when flowering varied only among genotypes but not between treatments (Table 2b ). This could be due to a forced flowering under short days in this September to December trial. In general, all yield components (except for HI and panicle HI in Exp. 2) decreased under LPww, and the majority of these traits differed also among genotypes within treatment (Table 2 a and b). None of the parameters showed any genotype-by-treatment interaction.
In Exp. 2, the grain yield varied from 4.13 to 13.85 g among genotypes under LPww (Table 3 ). This genetic variation was taken into account to select contrasting genotypes: 4 low P tolerant (T) with significantly higher grain yield under LPww and 3 low P sensitive (S) with lower grain yield under LPww (Table 3) , although genotype number 14 was different from the tolerant group at p<0.1. These groups of "tolerant" and "sensitive" genotypes (as we will refer to in this paper) were meant to analyse possible plant attributes explaining the difference in performance under low soil P.
Flag leaf P concentration did not discriminate the tolerant from the sensitive group of genotypes. Genotypic differences in flag leaf P concentration were not due to a dilution effect as there was no correlation between the P concentration and dry weight. Under HPww treatment, the flag leaf P concentration was positively related to transpiration efficiency (r=0.520, p<0.05) and to grain yield (r=0.642, p<0.01, data not shown).
Low P (LP) effect on agronomic traits under water stressed (ws) conditions In Exp. 2, grain yield varied from 2.24 to 11.86 g (Table 3 ). Grain yields under LPws were higher (5.7 g) than under HPws (4.9 g; Table 2 b and c). This was in part because the drought stress effect in the larger HPws plants was more severe. Under ws conditions, seed size, HI and panicle HI were also significantly lower in HPws than in LPws, which could indeed be seen in the increased failure in seed set. We observed a large genotypic variation under LP. Among the tolerant genotypes identified under LPww conditions, only genotype 3 and 7 were also the higher yielding under LPws conditions (Table 3) . Under these conditions of combined low soil P and water stress, the group of sensitive genotypes produced just 40 % of the grain yield of tolerant ones (Table 3) .
Flag leaf P concentration did not discriminate tolerant from sensitive lines in any of the four treatments. Phosphorus concentration in the flag leaf was calculated in Exp. 2 where it ranged from 0.3 mg P g DM −1 (LP) to 0.5 mg P g DM −1 (HP) being then lower in the LPws than in the HPws treatment (Tables 3 and 4) . Flag leaf P concentration was positively associated with transpiration efficiency (r=0.521, p<0.05) and with grain yield (r=0.730, p<0.01, data not shown) under HPws.
Low P tolerance index and relationship to flowering delay under low P A significant linear relationship was found between the grain yield in LP and HP treatments in Exp. 1 under ww conditions and in Exp. 2 under ws conditions ( Fig. 1a and n.s.
p<0.01
Traits include days to boot or flower (days after sowing), weight of 100 seeds at harvest (g), grain and stover yield (g), total dry matter (g), total yield (g, sum of grain and stover yield), Harvest Index (ratio between grain yield and total yield), panicle Harvest Index (ration between grain yield and total panicle biomass) and P concentration measured in the flag leaf (mg g −1 dry matter). Means (±SE) are calculated under two P treatments across 15 pearl millet genotypes (P) and compared among genotypes within treatment (Geno). GxP represents genotype-by-P treatment interaction. n.s. not significant Table 1 for detailed flowering and booting data). As there was no genotypeby-treatment interaction (GxTrt) for these traits, the residuals calculated from the linear regression model between grain yield under LP and grain yield under HP ( Fig. 1a and b) were used as proxy for tolerance to low P. In Exp. 1 LPww and Exp. 2 LPws higher residuals were in fact related to increasing absolute grain yield values (r=0.710 and r=0.759 respectively, p<0.001). However, genotypes with highest residual grain yield did not correspond to those with the highest residual stover yield because both trials showed a clear negative association between seed and total biomass production (r=0.862, p<0.001 in Exp. 1 and r=0.630, p<0.05 in Exp. 2, data not shown). In relation to the residual grain yield in Exp. 2 water stressed (Fig. 1c) , because of the strong effect of the water stress in grain yield under HP conditions, these residual were likely to account for a combination of low soil P tolerance and drought tolerance, and not only low soil P tolerance as in Exp.1. In Exp. 1 delay in booting or flowering under LP was then negatively and highly significantly correlated with the residual grain yield (Fig. 2) . In Exp. 2, there was also a negative relationship between the delay in flowering under ws conditions, although this could have been related in part to late flowering entries having lower yield under stress (data not shown).
Relationship between water uptake and yield components and link to pre-and post-anthesis water use Total water transpired, measured from 39 DAS to maturity (77 DAS), differed significantly among the four treatments and varied from 18.4 kg plant −1 in the LPws treatment to 26.4 kg plant −1 in the HPww treatment (p<0.001). The decrease in water transpiration after water stress imposition was more pronounced under HP than under LP conditions because of the larger size of HP plants (Fig. 3) . Under both ww and ws conditions, the water use over time of sensitive lines was generally above that of tolerant lines, with greater differences under ww conditions (Fig. 3) . Despite this, the total water use did not differ significantly between tolerant and sensitive genotypes in any of the four treatments combinations (Tables 3 and 4) . Nevertheless, tolerant genotypes 3 and 7 that had the lowest plant water use across water treatment. In fact, large differences were found between the tolerant and sensitive groups of genotypes in the water use before and after flowering (Fig. 4) . Under LPww conditions, sensitive genotypes used 14.4 kg water per plant pre-anthesis while tolerant genotypes transpired almost 40 % less, thus leaving more water in the soil for use post-anthesis (Table 3) . Under LPww conditions, the total water use of tolerant and sensitive groups was similar, although the post-anthesis water use value of the tolerant group was about 4 L above that of the sensitive group. A similar situation occurred under LPws, where the tolerant group used significantly lower amount of water in the pre-anthesis period than the sensitive group and, reversely, the tolerant group used significantly higher amount of water in the post-anthesis period than the sensitive group (Table 3) . Hence under both LPww and LPws, the pre-and post-anthesis water use differed between tolerant and sensitive genotypes (Table 3, Fig. 4) , although this could have been related to the later T and S are tolerant and sensitive genotypes selected according to their contrasting performance across LPww and LPws. Water use refers to transpiration. Parameters include P concentration measured in the flag leaf (mg g −1 dry matter), grain yield (g), total dry matter (g), total WU (total water used during the trial), pre-anthesis WU (water used before flowering), post-anthesis WU (water used after flowering), TE (transpiration efficiency) and PHI (panicle harvest index). One-way ANOVA was used to determine least significant differences (LSDs) and differences between T and S genotypes. Two-way ANOVA was used to test differences among genotypes (Geno), between water treatments (W) and genotype-by-W treatment (GxW) interaction. Different levels of significance (p<0.05 *, p<0.01 **, p<0.001 ***) have been considered. n.s. not significant (Table 3) . Tolerant genotypes transpired less before flowering mainly because of earlier flowering under low P. This was especially the case for genotypes 3 and 7, which transpired the lowest amount of water of all genotypes at this stage (4.7 kg plant −1 and 5.3 kg plant −1 , respectively) and transpired the most after flowering (9.1 kg plant −1 and 13.2 kg plant −1 , Table 3 ). The water transpired postanthesis was related to higher grain yield, HI and panicle HI in LP (Figs. 5 and 6), further highlighting the importance of water availability for grain filling. The HP treatment did not change this observation: tolerant genotypes still extracted less water in the pre-anthesis period than sensitive ones, but the HP treatment aggravated the effect of water stress in sensitive genotypes and led to a lower water extraction under water stress (20.2 kg) than under well watered conditions (26.4 kg). In contrast to LP, no genotypic variation in post-anthesis water use was observed under HP (Table 4) .
Transpiration efficiency (TE)
Phosphorus supply increased TE. Transpiration efficiency values increased from LP conditions to HP, from 1.4 to 1.8 under ww conditions (p<0.05) and from 1.4 to 1.6 under ws conditions (p<0.05). Average TE of sensitive genotypes was significantly more affected by P deficiency (LP) than average TE of tolerant genotypes under both ww and ws conditions (Fig. 7) . A negative relationship was present between the ratio TE under HP/TE under LP and grain yield under ww conditions (r=0.591, p<0.05). This indicated that a lower TE decrease in the LP treatment was related to a higher grain yield under LP. Under LPww and LPws, TE was positively correlated with grain yield, highlighting again genotypes 3 and 7 with highest TE and high yield (Fig. 8, Table 3 ).
Seed size
Grain yield was positively related to seed size in Exp. 1: LP (r=0.840, p<0.001) and HP (r=0.781, p<0.001); and in Exp. 2: LP (r=0.835, p<0.001) and HP (r=0.767, p<0.001), across water treatments. Again, P played a major role in seed filling as P stressed plants produced smaller seeds. Moreover, the seeds size of water stressed HP plants (100 seed weight=0.26 g) was half as large as that of well watered HP plants (100 seed weight=0.61 g) ( Table 2 b and c). At LPww, the 100-seed weight of genotypes 3 and 7 was twice as much as the average of the other genotypes. This did not happen under HPww, where the 100-seed weight of genotypes 12, 5 and 1 was higher or similar to that of genotypes 3 and 7, which indicate a specific effect of the low P treatment on the filling of the seeds. Under combined stresses (LPws) TE was positively related to seed size, i.e. high TE genotypes were able to better fill the grains (r=0.680, p<0.05, data not T and S are tolerant and sensitive genotypes selected according to their contrasting performance across LPww and LPws. Water use refers to transpiration. Parameters include P concentration measured in the flag leaf (mg g −1 dry matter), grain yield (g), total dry matter (g), total WU (total water used during the trial), pre-anthesis WU (water used before flowering), post-anthesis WU (water used after flowering), TE (transpiration efficiency) and PNHI (panicle harvest index). One-way ANOVA was used to determine least significant differences (LSDs) and differences between T and S genotypes. Two-way ANOVA was used to test differences among genotypes (Geno), between water treatments (W) and genotype-by-W treatment (GxW) interaction. Different levels of significance (p<0.05 *, p<0.01 **, p<0.001 ***) have been considered. n.s.: not significant shown). This relationship was less clear in the other treatments.
The ratio between the size of the seeds that were sown and the size of harvested seeds under LPww revealed a 28-fold variation among the 15 genotypes. Moreover, this ratio was strongly and negatively associated with grain yield under LPww (r=0.839, p<0.001, Fig. 9 ), indicating that sensitivity to LP treatment was related to an important decrease in seed filling of the low yielding genotypes.
In summary, the low P treatment decreased the size of the seeds, especially in sensitive genotypes. The water stress treatment further decreased the seed size, and more so in the HP treatment where the water stress had a more severe effect.
Discussion
Agronomic aspects
As expected, P deficiency had a deleterious effect on plant growth and biomass production, which ultimately affected seed size at harvest. Smaller seed size means that fewer reserves are stored for plant establishment and less food is produced since grain yield was positively correlated with seed size in our trials. The LP treatment effect during seed filling overrode the effect of the size of planted seeds, i.e. at a given seed size at sowing the most tolerant genotypes were those that maintained a seed size closer to the one in the HP treatment (genotypes 3 and 7; Fig. 9 ). This in itself could be taken as a simple proxy for selecting tolerant and sensitive genotypes, and this proxy would be independent of the water stress effect since the relationship of Fig. 9 takes place under WW conditions.
The positive effect of P supply on grain yield was only evident under ww conditions. Under water stressed conditions, P fertilized plants were larger and they would have run short of water quicker, being therefore more exposed to terminal water stress. In this way their final seed/biomass production did not differ from LPws plants. The lysimeter system we used magnified an effect that might have been different under field conditions, where larger plant spacing would have made more soil available to the plants to explore for water. Water was identified as the key factor for the grain production, because at both P levels the watering regime explained the largest difference in grain yield. In contrast, the P treatment was the most important determinant of vegetative biomass production (final dry matter and total yield).
Interestingly, genotypes 2, 3 and 7 confirmed the outcome of the pot trial that was run to identify low P sensitivity or tolerance and from which these lines were originally selected before being planted in lysimeters. In particular, the genotype 3 had one of the highest P efficiency (43.2 %, i.e. ratio between vegetative biomass produced under low P and biomass produced under high P) (unpublished data). Previous work indicated that the tolerant genotypes had different strategies to cope with low P: genotypes 3 and 7 had significantly longer roots than genotype 2 at 5 WAS (Beggi et al., unpublished) . Genotype 3 accumulated three times more P than lines 2 or 7, showing a peak in arbuscular mycorrhizal (AM) r = -0.717** r = -0.736** Fig. 2 Relationship between residual grain yield and delay in 50 % booting (closed symbols) or flowering (open symbols) for Exp. 1 in 2010. Residual grain yield is the difference between the observed value under LP and the predicted value by the regression line LP vs HP. High residuals are used as proxy for high plant tolerance to low P. Delay in booting or flowering was calculated as the difference between the number of days to boot or flower in LP and those in HP treatments colonization at 4 WAS, whereas line 2 did not show any important infection of AM (unpublished data). The sensitive varieties used in this study also had a low P efficiency when grown in pots, as well as variety 6 which was here selected as tolerant.
Flowering delay
Severe water deficit during the period of panicle development or P deficiency are known to delay flowering in pearl millet (Mahalakshmi and Bidinger 1985; Karanam and Vadez 2010) . Phenological delay has often been reported as an adaptive response of annual plants to P-deficiency because it increases the duration of nutrient uptake (Nord and Lynch 2008) . This, however, assumes there is no water limitation later in the growing season. Water uptake over time (days after sowing, DAS) of pearl millet under well watered (above) and water stressed (below) conditions. Different lines represent LP and HP treatments of 4 low P tolerant (T) and 3 low P sensitive (S) genotypes. Irrigation was suspended in ws treatments at 56 DAS and restarted at 74 DAS during grain filling at the end of the rains and of grain filling occuring solely under residual moisture. That is why it is generally accepted that annual plants flower and mature earlier to avoid late-season water stress (Thies et al. 1995; Dorn et al. 2000; Gungula et al. 2003) . In contrast to previous findings, the data from our first trial show that genotypes sensitive to low P had a larger delay in flowering under LP. This indicates that a delay in booting or flowering decreased pearl millet's tolerance to low P conditions and the greatest reproductive success was observed in pearl millet genotypes that flowered earlier under P deficiency. This could not be tested adequately in Experiment 2 that was carried out under short days and would require additional research on a potentially quite important result.
Water use kinetics
Varieties tolerant to low P -i.e. having higher yields under LPww-used the same total amount of water during the cropping cycle as low P sensitive ones, which yielded less. Thus the total water extraction capacity of the root system did not seem to be responsible for the tolerance differences, which is in agreement with a similar study in chickpea (Zaman-Allah et al. 2011) . Rather, what differed between tolerant and sensitive varieties in our experiment was the pre-and postanthesis pattern of water use. Tolerant varieties had higher post-anthesis water use while sensitive ones transpired more water during vegetative stage, leaving less water available for the grain filling stage. As tolerant genotypes flowered earlier, the relative shorter duration of the low P tolerant than the low P sensitive genotypes could have explained in part a stronger effect of the water stress in the sensitive genotypes. However, the second experiment, set in short days, did not allow us to confirm the results from Exp.1 of a delayed flowering being related to lower yield under low soil P (Fig.1a) . This confirms very recent findings in pearl millet hybrids, of a strong positive relationship between soil available water under water stress and grain yield (Vadez et al. 2013) . However, more research would be needed to assess whether low soil P can aggravate this by delaying flowering further in low P sensitive genotypes. Previous results stress the decisive role of water availability during grain filling (Merah 2001; Kato et al. 2008) . We observed this trend in both low P and high P treatments, indicating no major role of P in the trend, although the delay in booting under low soil P in sensitive material would simply exacerbate that trend. Differences between pre-and post-anthesis water extraction were independent of water availability, suggesting that a constitutive mechanism (not activated by stress) giving an advantage in terms of stress avoidance might have played a role there, such as previously found for pearl millet in India (Kholová et al. 2010a; .
Transpiration efficiency
Improved water use efficiency represents one major avenue to enhance crop productivity under limited water supply. In our study, the application of P improved TE, thus confirming what was reported in literature (Payne 2000) and what was hypothesized here. Different authors (Tanner and Sinclair 1983; Gregory 1989; Schmidhalter and Studer 1998) have concluded that TE is mostly affected by atmospheric evaporative demand and the CO 2 pathway, while TE was only affected by severe nutrient limitation, which is unfortunately the case for P under on-farm conditions of the West African Sahel. Payne and colleagues (1992) found similar results by growing pearl millet in pots, i.e. TE increased for increasing levels of P availability. Our findings showed that tolerant genotypes produced higher yields under combined P and water stress, had higher TE under low P conditions, while the total amount of water used was similar compared with sensitive genotypes. These results add to a recent review that argues that high TE can indeed be related to higher grain yield (Vadez et al. 2014) . More research would be needed to understand the mechanisms underlying the TE differences occuring Fig. 7 Transpiration efficiency of four tolerant (T) and three sensitive (S) pearl millet genotypes grown in lysimeters under four treatments with different availability of P (LP: low P and HP: high P) and water (ws: water stressed and ww: well watered) in Exp. 2 between tolerant and sensitive genotypes under low soil P.
Both of our trials were conducted under high evaporative demand and it is known that there are genotypic Fig. 9 Relationship between grain yield and the ratio between the size of seeds that were sown and harvested under LPww (low P well watered) conditions. Data are the means of 15 pearl millet genotypes grown in lysimeters in Exp. 2 r = 0.540* r = 0.707** Fig. 8 Relationship between grain yield and transpiration efficiency of 7 pearl millet genotypes (4 tolerant and 3 sensitive) grown in lysimeters under LPww (low P well watered) and LPws (low P water stressed) conditions in Exp. 2 differences in pearl millet for their transpiration response to high VPD (Kholová et al. 2010a; . At this stage we can only speculate how the low P conditions could have altered the way in which transpiration responds to high VPD. This deserves additional detailed work. Upon these considerations and according to the water use kinetics that we have seen, P also plays a role as it increases the amount of dry matter produced per unit water transpired, and so it could be that P amplifies the beneficial effect of water uptake at a key stage in plant development.
Conclusions
Our results showed that tolerant pearl millet genotypes had more conservative water use (they transpired relatively more water during the post-anthesis period), their delay in flowering under low soil P was less, their seed size was less decreased under low soil P, and they had a lower TE decrease under low soil P than in sensitive genotypes. This leaves us with a basket of option for pre-screening of potentially interesting materials for low soil P conditions. In addition, it opens necessary research actions, especially on the need to understand / confirm a possible effect of low soil P on the delay in flowering (longer phyllochron? Increase in leaf number?), and on TE (differences in the response of transpiration to high VPD between low and high soil P conditions?). These questions are currently the object of additional studies.
